It has been shown that it is possible to create a technology for efficient protection of steel items by short-term treatment in vapors of low-volatile corrosion inhibitors in specialized chambers at elevated temperatures. A combination of physical (XPS), electrochemical (potentiodynamic polarization, electrochemical impedance spectroscopy) and corrosion methods (recurrent moisture condensation on specimens in laboratory as well as outdoor tests) was used to study the properties of adsorption films formed on steel in vapors of higher carboxylic acids (stearic, oleic and linolenic), polyamine A, and their mixtures. It was found that carboxylic acids and the polyamine synergistically enhance the protective aftereffect of each other. The protective aftereffect of the mixed inhibitors studied depends on the temperature of metal treatment and is the longest after treatment at 120°C. Upon one-hour treatment of steel with mixed chamber inhibitors at this temperature, nano-sized adsorption layers are formed on steel. They inhibit corrosion processes under the model conditions and provide a long-term protection of steel from atmospheric corrosion in outdoor tests.
Introduction
The protection of metal items from atmospheric corrosion is a technical problem of major importance [1] [2] [3] . Corrosion inhibitors, including vapor phase ones, are widely used to solve it [3] [4] [5] [6] . The latter compounds are a subject of close attention from researchers [6] [7] [8] [9] [10] [11] [12] [13] [14] . One of the varieties of vapor-phase inhibitors are the so-called "chamber" inhibitors (ChIn) [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . The protection of metal items by these inhibitors is performed by short treatment of metals in a closed space (chamber) with vapors of organic inhibitors that are low-volatile under standard conditions, at elevated temperatures (t) where the vapor pressure of compounds increases by several orders of magnitude.
In the course of such a "chamber" treatment (CT), at an optimal choice of compounds, duration of contact of their vapor with metals and temperature, thin films are formed on the surface. These films have a long protective aftereffect (PAE) and slow down the initiation and development of corrosion by a factor of dozens or even hundreds.
The capabilities of the chamber method were demonstrated for the protection of steel, zinc and copper by ChIn of various kinds [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
In this paper, we deal with the properties of adsorption films formed on steel upon CT in vapors of higher carboxylic acids, viz., stearic (SA), oleic (OLA), linolenic (LA), as well as polyamine A (PA) and their mixtures.
Experimental
All the reagents used in this study were of "pure" grade.
Samples and electrodes of St3 low carbon steel were used in the experiments. Flat specimens had dimensions of 30×50×1 mm. Each specimen had a hole for mounting in test cells and chambers. Cylindrical electrodes were 10 mm in diameter. One of their buttends had a hole with threading for the mounting rod. Electrodes were embedded in Teflon shells in order to prevent the interaction of their side surfaces with the electrolyte during the tests. The lower butt-end of the cylinder served as the working surface.
Before treatment of specimens and electrodes with ChIn vapors, their working surfaces were cleaned with sandpapers with decreasing grain sizes, degreased with acetone and dried. Further, the specimens were mounted in 0.5 L sealed glass vessels containing a weighed portion of a ChIn (0.5 g). The vessels were placed into a heated drying chamber. The metal was treated with inhibitor vapors for 1 h. After exposure in the chamber, the vessels were removed, allowed to cool to room temperature and kept for one day. The specimens were then withdrawn and tested.
The PAE of heat treatment of the metal in ChIn vapors was evaluated in corrosion tests (with intense moisture condensation and in outdoor tests) and in electrochemical (potentiodynamic and AC impedance) experiments.
In the tests with recurrent moisture condensation, the specimens were hung on nylon fibers on the lids of airtight glass cells. The volume of each cell was 600 ml. Hot water (50°C, 100 ml) was poured into each cell. Once every 24 hours, each cell was opened and the cold water was replaced with hot water. Water replacement was combined with visual inspection of the specimens. During the first 12 hours of exposure, the specimens were inspected once every hour without opening the cells.
In outdoor corrosion tests, the specimens were exposed at the Moscow corrosion station under a shelter preventing direct exposure to atmospheric precipitation. The specimens were inspected once a month. The total test duration was 4 months.
The potentiodynamic experiments were performed using an IPC-pro potentiostat (RF) and a standard three-electrode cell with divided electrode spaces. A platinum wire served as the auxiliary electrode. The potentials (E) were measured against a saturated silver/silver chloride reference electrode and converted to the normal hydrogen scale. The experiments were carried out in borate buffer solution (pH 7.36) containing 0.001 M sodium chloride. The electrodes were placed into a cell containing the electrolyte, kept for 5 minutes and polarized from the established potential (Е start ) in anodic and cathodic directions. The potential sweep rate was 0.2 mV/s. Anodic polarization was performed to a potential that exceeded the breakdown potential (Е br ) by 0.005-0.010 V. Local depassivation of the metal was detected by a sharp increase in the anodic current density (i) or current oscillations. In some cases, the test was interrupted right after oscillations on anodic polarization curves began, in order to confirm that pits had formed by visual inspection. The local depassivation potentials (E ld ) and the "counter-pitting basis" (ΔE = E ld -E start ) were used as the criteria of protective effect.
Cathodic polarization was interrupted at E = -0.5 V. Electrochemical impedance spectra were obtained using a potentiostat of the same brand and a Frequency Response Analyzer (FRA, produced in RF). The experiments were performed in a cell similar to that used in the potentiodynamic experiments. Similarly, a silver/silver chloride reference electrode and a platinum auxiliary electrode were employed, and borate buffer solution with pH 7.36 containing 0.001 M sodium chloride was used as the electrolyte. The electrodes were placed into a cell with the electrolyte and kept for 5 min before the measurements that were performed at the open circuit potential. The frequency was varied within 0.1-10 5 Hz.
To calculate the electrochemical impedance parameters, the equivalent circuit shown in Figure 1 was used. Here R 0 is the solution resistance; С 1 and R 1 are the capacitance and resistance of the double electric layer, respectively; С 2 and R 2 are similar parameters characterizing the oxide layer; and W is the Warburg impedance.
The results were processed and impedance parameters were determined using Dummy Circuits Solver software, version 2.1. The fit between the experimental and calculated data was no worse than 98%.
The degree of steel electrode protection was calculated using the formula:
where R bg and R inh are the total resistances of "steel-electrolyte" interphase interaction, including R 1 , R 2 and W, after thermal treatment of the electrode in the absence and in the presence of a ChIn, respectively. The thickness of the films (d) formed on the metals during the CT was estimated by analyzing the X-ray photoelectron spectra (XPS). The C1s, O1s, N1s and Fe2p electron spectra were recorded on an Omicron ESCA+ instrument (Germany) with a Mg anode as the radiation source. The pressure in the analyzer chamber did not exceed 10 -9 Torr. The analyzer energy was 20 eV. The positions of the lines of the elements that constitute the surface layer was standardized by the C1s peak whose energy was assumed to be 285.0 eV. The peak intensity was obtained after subtracting the background by the Shirley method [24] . The thicknesses of the layers formed on the surface were calculated using the MultiQuant 7.70 program [25] , taking into account the photoionization cross-sections of atoms [26] and the electron mean free paths [27] .
Experimental Results and Discussion
The results of corrosion tests with recurrent moisture condensation on the samples are presented in Table 1 . In these experiments, the effect of temperature of steel treatment with ChIn on the PAE of adsorption films was studied. Table 1 . Effect of the temperature of adsorption film formation on the results of corrosion experiments with recurrent moisture condensation on the samples. On the specimens heat-treated without a ChIn, a reddish rust deposit appeared soon after hot water was introduced into the cell. The incubation time of corrosion varied from 0.5 to 1.5 h and, in fact, did not depend on the temperature of metal treatment.
Chamber treatment of steel in the presence of carboxylic acids and PA (as individual compounds) prolonged the time until the appearance of corrosion up to 3-fold. In this case, the PAE of the films formed by these compounds slightly increased with increasing temperature. Like in the absence of CIN, general corrosion was observed.
The PAE of surface films obtained from mixtures of the carboxylic acids studied with PA increased, albeit weakly, in the t range from 80 to 100°C. However, an increase in t to 120°C increased the PAE by a factor of hundreds. Corrosion initiation after CT at this temperature slowed down by a factor of more than 500 for SA+PA and LA+PA mixtures. This factor reached 672 for the OLA+PA formulation. Thus, the components of mixtures showed a pronounced synergistic effect. The PAE of the most efficient formulation, OLA+PA, was 4 times higher than that of the previously studied ChIn based on a mixture of benzotriazole with octadecylamine [19] .
An increase in CT temperature to 140°C was not accompanied by an additional protection improvement. What is more, the temperature dependence of PAE for the OLA+PA mixture had a maximum at 120°C. We observed similar extremal dependences of PAE on CT temperature on metals previously as well [15] [16] [17] [18] [19] [20] [21] [22] [23] . They are due to an interaction of two processes which oppositely affect the adsorption of ChIn vapors. On the one hand, the vapour pressure of inhibitors grows with an increase in t, which favors the adsorption of their vapors. On the other hand, as t rises, the adsorption of vapors on solid sorbents becomes weaker.
It is significant that as the PAE of adsorption films of the composite ChIn studied increases, the nature of corrosion changes. When it is initiated, point corrosion sites appear on the metal, the number and area of which do not change upon further exposure of metal samples in the corrosive environment.
Thus, like in [17, 19] , 120°C is the optimal temperature of steel chamber treatment for the inhibitors studied. In view of this, in all subsequent experiments, this temperature was used to create the adsorption films of inhibitors.
The high PAE of the composite ChIn studied is confirmed by the results of electrochemical studies. Figure 2 shows the anodic and cathodic polarization curves of steel electrodes after treatment with ChIn vapors at 120°C.
CT weakly affected the E start of steel electrodes. Its variation range was from 0.055 V (in the case of steel CT by vapors of the OLA+PA mixture) to 0.135 V (with the LA+PA mixture).
The cathodic polarization curves were characterized by an extended region (up to 0.2 V) where the cathodic current density i only slightly depended on E. It was followed by a region of cathodic current density growth where reduction of the surface oxide occurred. This region changed to an anodic loop associated with the active dissolution of the metal. Further E scanning in the cathodic direction again resulted in an increase in cathodic current density.
The values of active dissolution current density of steel samples that did not undergo CT with inhibitor vapors reached 0.05-0.06 mA/cm 2 . All the ChIn that we studied inhibited active dissolution by a factor of 2 or more. The highest protective effects were provided by films formed in OLA or LA vapors (i < 0.01 mA/cm 2 ), whereas the smallest effects were observed on steel treated with vapors of PA or the LA+PA mixture. The characteristics of anodic polarization curves of steel electrodes are summarized in Table 2 . Their shapes are characteristic of passive steel. Anodic polarization of electrodes that underwent heat treatment without a ChIn and treated in PA vapors or its mixtures with carboxylic acids did not lead to a noticeable increase in i up to E ld . Upon reaching the latter, oscillations appeared on the curves due to the initiation and repassivation of local depassivation sites. Visual inspection of the electrodes extracted from the electrolyte after the oscillations began confirmed this assumption. Small pits were visible on the steel surface through a magnifying glass. Further polarization resulted in breakdown of the passive film and an abrupt i growth. In this case, one or more local dissolution sites visible by unaided eye formed on the metal. It is significant that the reproducibility of E br between the tests was rather poor.
No current oscillations were recorded on the curves of anodic polarization of steel treated with carboxylic acid vapors. The passivity region was immediately followed by a sharp increase in i.
All the ChIn studied slowed down the local depassivation of steel to a different extent, which manifested itself in an E ld ennoblement and a ΔE growth. At the same time, the polarization measurements, like the corrosion experiments, indicate a higher PAE of surface films formed by mixed ChIn. In fact, the passive region of electrodes treated with the most effective mixture, OLA+PA, was 0.38 V, i.e., almost 40 times larger than the ΔE of the background samples. The electrochemical impedance spectra shown in Fig. 3 in the form of Nyquist plots also indicate a high PAE of films formed in vapors of mixed ChIn. Two regions can be distinguished in the hodograph of a steel electrode heat-treated without ChIn. The first one in the frequency range from 100 kHz to 10 Hz is a semicircle typical of systems with kinetically controlled charge transfer. The second one in the region of lower frequencies, from 0.1 to 10 Hz, is a straight line at an angle of 45° characteristic of diffusion processes.
Electrode treatment with ChIn did not change the shape of the hodographs that were described by the same equivalent circuit. In this case, the capacitance C 2 and resistance R 2 characterized the total of the oxide and inhibitor layers. Linearization of the hodographs of ChIn-treated electrodes was observed at lower frequencies (from 1 to 0.1 Hz) than for the reference sample.
CT in vapors of OLA, LA and PA increased R 1 and R 2 1.2-2-fold and W 5-7-fold (Table 3 ). This results from hindrance of diffusion processes due to the formation of an inhibitor layer on the surface. Upon steel treatment with SA vapors, the W values increased to a smaller extent (~2-fold) than the R 1 and R 2 values (3.3-and 5.5-fold, respectively). In all cases of CT, the С 1 and С 2 values decreased, although slightly, which is a consequence of ChIn adsorption on the steel surface.
For mixed ChIn, the characteristic electrode parameters changed more considerably. The values of R 1 , R 2 and W became dozens of times larger after CT. Conversely, the values of С 1 and С 2 decreased by more than an order of magnitude.
The Z values calculated from the data in Table 4 indicate a high (Z > 91%) anticorrosive efficiency of ChIn based on mixtures of higher carboxylic acids and PA. In this case, the maximum Z (95.1%) was observed for electrodes treated with a mixed ChIn based on OLA. These data allowed us to assume that CT steel with vapors of mixed inhibitors can be used in the interoperational protection of metal items. This conclusion is confirmed by field corrosion tests. The mixed inhibitors studied ensured complete protection of steel in these tests throughout the entire period of sample exposure (4 months) at the Moscow Corrosion Station. The first signs of corrosion under these conditions already appeared on the reference samples within a week after the start of the experiment.
It is important that the significant protective effects of mixed ChIn are due to the formation of very thin films on the surface. This follows from XPS data considered below (Table 4 ). For steel samples that did not undergo heat treatment, three peaks were observed in the C1s electron spectrum: carbon from oil contaminants (sp 3 ) at 285.0 eV, carbon bound with oxygen of OH groups (286.2 eV), and CO 2 adsorbed from air (288.7 eV). The spectrum of iron Fe2p 3/2 contained an intense peak corresponding to the metallic state and to the components of the mixed oxide FeO/Fe 2 O 3 . The small fraction of iron oxide in the spectrum, as well as the presence of components corresponding to iron oxide in the O1s spectrum (529.8 eV), indicate that an oxide film is formed with thickness d not exceeding 1.6 nm. Aside from it, the surface contained layers of adsorbed water 1.5 nm thick and organic impurities containing nitrogen and CO 2 .
Heating a steel sample to 120°C in the absence of a ChIn resulted in an increase in the oxygen content in the sample (from 26.99% to 40.56%) and the fraction of oxide components in the spectrum of iron. The thickness d of the oxide film increased almost twofold after heating (3.6 nm).The thickness of adsorbed water layer increased to 2.0 nm in this case.
Treatment of the metal with mixed ChIn vapors increased the intensity of the carbon peak related to the formation of adsorption films on steel. Unfortunately, the molecules of the ChIn studied contain no markers that would allow us assign the observed lines unambiguously. Therefore, the calculations were based on the fact that three layers are formed on steel surface: a layer of iron oxide Fe 2 O 3 , a layer of a ChIn with an equimolar ratio of the acid and PA, as well as an organic layer containing carbon contaminants and water molecules -(CH x ) n H 2 O.
X-Ray photoelectron spectra obtained on samples treated in vapors of mixed ChIn were similar and mainly differed in the intensity of peaks. As an example, a description of the spectra of C1s, O1s and Fe2p 3/2 electrons for a steel sample treated with OLA+PA vapors is given below (Figure 4 ).
С1s
O1s Fe2p3/2 The C1s spectrum of a sample exposed in vapors of this ChIn had no significant differences from the spectrum of samples treated without an inhibitor. The O1s spectrum could be decomposed into three components: the atoms of the element in iron oxide (530.0 eV), the atoms that form the hydroxide layer (531.5 eV), and the atoms bound to carbon (532.2 eV). Three lines are also observed in the spectrum of Fe2p 3/2 electrons. One of these belongs to metallic iron (706.8 eV) and the other two, to its oxidized (3+) state (710.8 eV, a satellite at 713.5 eV). Furthermore, adsorbed molecules containing nitrogen (400.2 eV) were present on the surface.
The thicknesses of the adsorption layer of OLA+PA, oxide film and (CH x ) n H 2 O layer calculated from this spectrum were 4.2, 3.7 and 1.2 nm, respectively (Table 4) .
After exposure of a sample in SA+PA vapors, the thickness of the ChIn layer was slightly smaller, viz., 3.7 nm. The thickness of the (CH x ) n H 2 O and iron oxide layers were 0.8 and 3.2 nm, respectively, in this case.
Upon CT of samples in LA+PA vapors, the amount of carbon increased significantly (62.77%), whereas the amount of iron decreased. Furthermore, the spectrum of iron contained no peak corresponding to the metallic state, which indicates the formation of a thick adsorption film on the sample surface. In this case, the layer thicknesses were calculated based on the oxide film rather than the metallic iron surface. The thickness of the adsorbed ChIn layer was 5.3 nm, while those of the (CH x ) n H 2 O and iron oxide layers were 1.0 and 5.5 nm, respectively.
The main inaccuracy in determining the thickness of ChIn surface films on a metal is associated with the assumption that the acid and PA are present there in equimolar ratio. However, calculations show that varying the ratio of the ChIn components in the adsorption layers leads to an error of no more than 0.5 nm. This makes it difficult to compare the adsorption properties of the mixed CIN studied. However, it allows us to conclude that the thickness of surface layers on the steel, which are formed during its CT and provide a PAE, does not exceed a few nanometers.
Conclusions

1.
One-hour treatment of steel with vapors of mixtures of higher carboxylic acids (stearic, oleic, linolenic) with polyamine A at 120°C results in the formation of nano-scale adsorption films with a pronounced protective aftereffect on its surface. 2. ChIn based on mixtures of higher carboxylic acids with polyamine A manifest a synergistic effect. The protective aftereffect of adsorption films formed by these mixtures considerably exceeds similar characteristics of films obtained by CT of steel by the components of these mixtures and is sufficient for the inter-operational protection of steel items.
